Introduction
The dynamic for nanotechnological applications utilizing graphene is hard to ignore, especially when compared to preceding carbon allotropes that have been around for more than 20 years. This promising material, isolated less than a decade ago, [1] has sparked the imagination of researchers in numerous applications but, more importantly, has been successfully utilized in a large number of proof-of-concepts. Owed to its unique properties extending from mechanical [2] to electrical [3] the science revolving around graphene has rapidly moved along. As was the case with fullerenes, from their discovery in 1985 until their first reported synthetic process via the "Krätschmer-Huffman-Method", the general consensus, is that for every novel material, the high quality and supply of the material will ultimately define its widespread incorporation and success. The roadmap for this allotrope, undoubtedly, holds some important milestones for graphene-based devices, such as transistors, [4] transparent electrodes for optoelectronics [5] and biomedical applications. [6] As recently, summarized by Novoselov et al, [7] an analysis on the quality vs cost plot was attempted for the various synthetic approaches for graphene production.
[8] Although progress is continually made across all fronts, even in processes like mechanical exfoliation, [9] it is logical to assume that certain highcost high-quality graphene producing techniques are not suitable for supplying graphene for the purposes of e.g. synthesizing novel graphene-based materials via functionalization routes.
On the other hand, exfoliated graphene by wet chemistry, via oxidation under harsh conditions [10] (using a modification of the Hummers method [11] or other oxidizing agents [12] ) results on graphene oxide (GO), however, with a disrupted electronic network deficient of novel electronic properties. As reduction of GO partially occurs, while sometimes leads to amorphous carbon, [13] restoration of the sp 2 network is incomplete and therefore the properties of the resulting reduced graphene oxide (RGO) [14] significantly deviate from those of pristine graphene. Along the same lines, milder liquid-phase approaches have been developed for exfoliating graphite upon (ultra)sonication, [15] however, additives, that may interfere with graphene altering certain properties, are needed to prevent reaggregation.
On this mini-review we outline the routes of exfoliated graphene existing in the literature and the key functionalization processes linked to these routes. Only if graphene can be abundantly produced it may actively compete with silicon-based technology in electronic applications. Thus, the objective of this article is to highlight and summarize the facile ways for producing soluble graphene (or few-layer graphene) on the road to gramscale production and applications. forces that are present between the graphitic layers. The primary focus is centered on the idea of selecting the appropriate exfoliating agent that will promote the exfoliation process. In general, these agents have been based on the "molecular wedge" approach. A planar molecule with the ability to create weak Van der Waals interactions with the graphitic lattice and overcome the existing ones between the neighboring graphene sheets in graphite. Initially this approach has generated interest due to its simplicity and scalability, however, the drawback is that the sonication applied in this process basically breaks the graphite flake into smaller particles that cannot "compete" with the graphene nanoparticle sizes produced by methods, such as mechanical exfoliation. However, these disadvantages simply place the produced graphene into different areas of nanotechnology, where smaller particle size is desirable. [7] Finally, due to the fact that the exfoliation process is based on the breaking down of larger graphite flakes to smaller nanoparticles, it creates defect sites mostly around the edges of the formed nanosized flakes (Scheme 1). In order to effectively apply liquid-phase exfoliation to produce graphene, two distinct methods have been proposed: the use of surfactants and the use of exfoliating agents/solvents. Today, there is a multitude of both ionic and non-ionic surfactants that effectively produce stable graphene dispersions. [17] The advantage of surfactants, besides their efficiency in the exfoliating process, revolves around the idea that the plethora of readily available molecules, as well as custom synthesized ones, guarantees solubility in either aqueous or organic solvents or even offering the prospect of switching solubility. [18] Similarly to colloidal suspensions, the graphene layers coated with surfactants are stabilized against aggregation through electrostatic repulsion Coulombic forces. Moreover there are reliable techniques, such as centrifugation, that can provide high quality single layer graphene from these suspensions. [19] In addition, depending on the surfactant, these products can provide the desired processability demanded by graphene-based applications.
[20] However, the surfactant-approach poses the problem of residual molecules between the graphene sheets that have been shown to affect the desired properties of the carbon nanomaterial. [21] As expected, these non-covalently attached "impurities" can have a variety of undesirable effects throughout the spectrum of applications targeted by graphene. [22] Furthermore, the removal of these residual molecules can prove to be a demanding task. [23] To this end, a very recent breakthrough was made with the introduction of binol salt as an easily removable exfoliating agent. [24] On the other hand, the route of using an exfoliating solvent/agent, although similar in nature to the surfactant approach, retains the advantage of utilizing a small molecule/solvent to achieve the desired dispersion that will, in principle, be easier to remove. Therein lays the fine line between using an exfoliating agent and non-covalent functionalization. Both approaches rely on the same principle, but the exfoliating agent is a medium required for facilitation of subsequent covalent or non-covalent functionalization, while the latter is the end-product. Having said that, it is not uncommon for non-covalent functionalization processes to also promote and improve exfoliation of graphene in organic dispersions. [25] At present, several exfoliation-promoting agents producing graphene (or FLGs) from graphite have been proposed such as N-methyl pyrollidone (NMP), [15] o-dichloro benzene (o-DCB), [26] and benzylamine. [27] Apart from these organic solvents, other exfoliating agents have been proposed such as the addition of sodium hydroxide [28] or other sodium-based salts. [29] These agents have been shown to produce stable dispersions for several days and depending on sonication time, power and workup process (centrifugation) they can produce mostly single layer graphene dispersions with concentrations approaching 1 mg . mL -1 , thus providing a solid basis for the supply of raw material required by chemists to promote graphene functionalization. It is worth noting that the use of o-DCB, a widely used dispersion agent aiding in the individualization of other carbon nanocomposites such as single-walled carbon nanotubes, has been known to undergo sonochemical decomposition and polymerization. Although the by-products of o-DCB can promote, and are possibly crucial to the stabilization of nanotube dispersions, [30] researchers aiming to use this solvent with graphene should have in mind processes such as ultracentrifugation for the removal of the majority of o-DCB sonochemical by-products. [31] 
Covalent functionalization strategies for graphene
On the subject of graphene functionalization, several excellent reports exist in the literature highlighting the strategies to covalently decorate graphene with functional groups.
[32] The functionalization of graphene follows, in large, the same principles as the ones laid down by fullerenes and nanotubes. The scientific community strives for continuous progress in the field [33] and attempting to guide future synthetic efforts. [34] Among the most popular covalent functionalization routes is the 1,3-dipolar cycloaddition reaction of in-situ generated azomethine ylides. [35] Proposed by Prato and coworkers the reaction allows for the covalent functionalization of exfoliated graphene by in-situ generated azomethine ylides incorporating fused pyrrolidines onto the skeleton of graphene (Scheme 2). Moreover, the reaction has been shown to proceed with either NMP or dimethylformamide (DMF) as the exfoliating agent. [36] The diversity of the produced materials offered by the careful selection of the aldehyde and α-amino acid used for thermally generating the azomethine ylides is also noteworthy. In this context, donor-acceptor hybrids with porphyrin, [37] and very recently phthalocyanine [38] with exfoliated graphene have been successfully synthesized, opening up the route for energy harvesting applications. Furthermore, PAMAM dendrimers can also be covalently attached to the graphitic skeleton via the 1,3 dipolar cycloaddition reaction. [39] In that same publication, Quintana et al took advantage of the carboxy defects created from the sonication process and situated mostly at the edges of the sheets to offer an alternative route to functionalize the graphene produced through peptide bond formation. Azide chemistry has also been employed in graphene functionalization. Using o-DCB as the exfoliating agent, covalent attachment of perfluorophenylazides onto graphene has been achieved [40] (Scheme 3). The reaction is characterized by the transformation of the perfluoroazide to the singlet perfluoronitrene and its subsequent addition to the sp 2 carbon. On a similar note, the aforementioned chemical process and its photo-reactivity driven mechanism was exploited to allow for graphene immobilization and patterning. The logic was to specifically anchor perfluoroazide functional groups on a substrate and then place highly oriented pyrolytic graphite onto them. The use of appropriate masking and subsequent photoirradiation to promote reactivity on the exposed surfaces, allowed for the removal of the unreacted graphite, resulting in single layer graphene immobilized on perfluorophenylazide sites. The induced electrical deterrence, in fabricated field effect transistors from the defects introduced by the functionalization process, was not notably high and the devices were comparable to mechanically exfoliated graphene sheets on SiO 2 substrates. The azide chemistry also allows for anchoring of simple acetylene groups that can subsequently act as anchoring sites for any number of appropriately modified conjugated polymers, affording interesting donor-acceptor structures as Castelain et al recently demonstrated with the anchoring of polyfluorene onto graphene. [41] Besides highly functionalized graphene by other aromatic azides, [42] nitrene chemistry has also yielded polymer functionalized graphene. [43] Exploiting the direct nucleophilic addition of primary amines to carbon nanostructured materials for the covalent functionalization of exfoliated graphene, Karousis and coworkers recently demonstrated electronic communication between photoreactive metallo-phthalocyanines and graphene sheets [44] (Scheme 3). Besides the hybrid synthesized, their study involved an electrochemical solar cell prototype device fabrication. Although modest efficiency measurements (~2%) were reported, the authors noticed an almost ten-fold increase in incident photonto-current conversion efficiency compared to non-covalently attached Zn-phthalocyanine chromophores to graphenes. [45] The Bingel cyclopropanation reaction has also been applied in our group, for graphene functionalization process, offering a simple and efficient route towards hybrids, soluble in common organic solvents. [27] The moiety of benzylamine offers a solid basis for the exfoliation of graphene affording stable dispersions for several days. The concentration of the produced graphene dispersions is also among the highest reported in the literature, reaching up to ~1 mg mL -1 . With its relatively high boiling point, it is fairly challenging to remove traces of benzylamine after the exfoliation process, so annealing at ~200 ο C for t=1-2 h required. The Bingel reaction approach presented, offers the possibility of being microwave-activated, reducing the reaction time to minutes, a prospect of importance when industrial-scale applications are factored-in. In most of the functionalization approaches, the reaction times consist from several hours to days, while the microwave can essentially eliminate this factor. The reaction also exhibits tolerance to different malonates and can prove a useful tool for organic soluble graphene hybrids (Scheme 3). The aryl diazonium salt reaction represents another efficient way toward graphene functionalization [46] (Scheme 4). The incorporation of bulky aryl moieties onto the basal plane of graphene facilitates steric repulsion between graphene layers, thus preventing reaggregation. [47] Importantly, the functionalization degree of graphene can be modulated by the diazonium salt concentration, thus making possible to retain the novel electronic structure of graphene even after the covalent modification. Furthermore, the reaction has been tested with either graphene obtained from nanotube unzipping [48] or through a reverse process employing mostly edge functionalization of expanded graphite and subsequent exfoliation and individualization of the graphene sheets, using DMF. [47] It is worth mentioning that the chemical reactivity of aryl diazonium salts with graphene has been recently shown to be extremely preferential towards areas of graphene with higher curvature [49] and to depend substantially on the number of graphene layers, [50] thus allowing not only selective functionalization, but opening up possible routes towards surface patterning. This functionalization route has very recently been employed for the assembly of a molecular monolayer sandwiched between two graphene sheets, used as electrodes. [51] The reaction has also shown potential as an intermediate step, allowing for post-functionalization processes onto the obtained aryl-modified graphene through "click chemistry", allowing enrichment of the decoration of the resulting product. [52] Furthermore, the aryl diazonium salts strategy has been applied to functionalize exfoliated graphene obtained by reduction of graphite with Na-K alloy [53] (Scheme 4). In the latter system, the intercalated metal cations neutralize the negatively charged graphene sheets, which are held apart with the aid of repulsive electrostatic forces.
[54] Scheme 4. Schematic representation of diazonium salt functionalization processes on graphene.
Finally, on a different route, the negatively charged graphene sheets, derived upon reduction of graphite with Na-K, have been trapped with hexyl iodide. [55] This kind of functionalization, based on reductive alkylation of graphene, can potentially be utilized to get easy access to a new class of materials by simply quenching the negative charges on reduced graphene by diverse electrophiles.
Summary and Outlook
The diverse materials based on the covalent functionalization of graphene should be improved along two basic axes. First and foremost the scaling-up for the production methods should be considered. Liquid-phase exfoliation provides a facile way for obtaining high quality raw material improving upon the grapheneoxide approach. Optimizing yields and quantity/quality will most certainly allow for wider incorporation of the designed endproducts into applications. Secondly, although there have been reports where the exfoliating agent can be used to heal graphene defects, [56] the removal efficiency of the agent used to provide the raw materials, (through exfoliation) should be revisited, as the residual products, in most cases, interfere with the target application.
The era of graphene-based applications is approaching fast, driven mostly for the need for novel materials. It is clear that the prospect of functionalizing graphene sheets caters to a wide category of applications that are not related to large uniform sheets of pristine graphene. Through chemical modification the excellent properties of pristine graphene sheets are indeed degraded, to some extent, but the improvements on processability aim to counter the shortcomings. The properties gained from the functionalization with various moieties, equips the materials industry with new hybrids suited from biomedicine and drug delivery to organic electronics, mechanical reinforcement additives and fuel cells. The key is to take advantage of scalable and facile routes towards functionalization and to be able to incorporate the best ideas of different approaches, on the way to the end-device.
